The oxytocin-arginine vasopressin (OT-AVP) ligand-receptor family influences a variety of physiological, behavioral, and social behavioral processes in the brain and periphery. The OT-AVP family is highly conserved in mammals, but recent discoveries have revealed remarkable diversity in OT ligands and receptors in New World Monkeys (NWMs) providing a unique opportunity to assess the effects of genetic variation on pharmacological signatures of peptide ligands. The consensus mammalian OT sequence has leucine in the 8 th position (Leu 8 -OT), whereas a number of NWMs, including the marmoset, have proline in the 8 th position (Pro 8 -OT) resulting in a more rigid tail structure. OT and AVP bind to OT's cognate G-protein coupled receptor (OTR), which couples to various G-proteins (G i/o , G q , G s ) to stimulate diverse signaling pathways. CHO cells expressing marmoset (mOTR), titi monkey (tOTR), macaque (qOTR), or human (hOTR) OT receptors were used to compare AVP and OT analog-induced signaling. Assessment of G q -mediated increase in intracellular calcium (Ca 2+ ) demonstrated that AVP was less potent than OT analogs at OTRs from species whose endogenous ligand is Leu 8 -OT (tOTR, qOTR, hOTR), relative to Pro 8 -OT. Likewise, AVP-induced membrane hyperpolarization was less potent at these same OTRs. Evaluation of (Ca 2+ )-activated potassium (K + ) channels using the inhibitors apamin, paxilline, and TRAM-34 demonstrated that both intermediate and large conductance Ca 2+ -activated K + channels contributed to membrane hyperpolarization, with different pharmacological profiles identified for distinct ligand-receptor combinations. Understanding more fully the contributions of structure activity relationships for these peptide ligands at vasopressin and OT receptors will help guide the development of OT-mediated therapeutics.
Evolutionary analysis reveals extreme conservation of AVP and OT in eutherian mammals which differ at amino acids 3 and 8 [10] . Vasopressin and OT are believed to have arisen from a gene duplication event prior to vertebrate divergence, whereas invertebrates generally have only one homolog [7, 11] . In New World Monkeys (NWMs) AVP is conserved; however, an unusual level of OT variability has been observed with six distinct ligand variants identified to date [12] [13] [14] [15] . OT is highly sensitive to structural modifications; small changes can affect pharmacological profiles [16] [17] [18] . Coevolution is observed for both OT and AVP ligands and their receptors [12, 13, 19] and subtle differences in receptor sequences between human and rat result in important alterations in the selectivity profiles of some ligands [9] .
The mammalian OT-vasopressin receptor family is comprised of four G-protein coupled receptors: one canonical OT receptor and three vasopressin receptors (V1a, V1b, V2) [20] . Both OT and V1a receptors are robustly expressed in the brain [21] . Notably, there is ∼85 % structural homology between OT and V1a receptors resulting in significant cross-reactivity [2, 13, [22] [23] [24] .
The promiscuous activation of multiple G-proteins by OT receptors demonstrates some cell-specific biases [25] [26] [27] [28] [29] [30] . Evolutionary factors lead to changes in ligand-receptor structure, which then may have consequences for physiological function and social behavior. Here, we assess natural variation in AVP and OT peptide ligands and OT receptors to assess ligand-receptor signaling cascades in four primate species representing 'natural experiments' in genetic variation in the OT receptor that are associated with phenotypic consequences: marmoset (Callithrix jacchus, Pro 8 -OT, NWM, socially monogamous), titi monkey (Callicebus, Leu 8 -OT, NWM, socially monogamous), macaque (Macaca, Leu 8 -OT, OWM, nonmanogamous), and human (Homo sapiens, Leu 8 -OT, apes, socially monogamous) [12, 13] . Interestingly, binding analysis at these four OTRs demonstrated that Pro 8 -OT bound at modestly higher affinities than AVP or Leu8-OT, suggesting that rather than binding properties, downstream signaling pathways are primarily responsible for differences in physiological function and social behaviors [31] . We stably transfected CHO cells expressing marmoset (mOTR), titi monkey (tOTR), macaque (qOTR), and human oxytocin receptor (hOTR) and characterized AVP-and OT-analog G-protein signaling pathways by monitoring Ca 2+ mobilization and membrane hyperpolarization.
Materials and methods

Chinese hamster ovary (CHO) cell cultures
Transcriptome profiling confirmed that neuronal cell lines ND7/23, F-11 and SH-SY5Y express OT receptor [32] . Likewise, RT-PCR showed neuroblastoma cell lines SK-N-SH, SH-SY5Y, IMR-32 and astrocytoma cell line MOG-G-UVW all express OT receptor [33] . We excluded cell lines that express OT receptors from our studies inasmuch as endogenous expression would contribute to observed ligand-induced signaling. Therefore, we selected CHO cells as a common transfection background since they do not express OT receptors [34] .Wild-type Chinese hamster ovarian-K1 (CHO-K1) cells were purchased from ATCC (CCL-61) and cultured in Ham's F12 (Hyclone SH30026.01), 10 % fetal bovine serum (FBS) (Atlanta Biologicals S11550), 1.5 % HEPES 1 M Solution (Hyclone SH30231.01), 1 % Penicillin-Streptomycin (10,000 U/mL; Life Technologies 15140-163). Human oxytocin receptor (hOTR) expressing CHO-K1 cell lines were purchased from Genscript (M00195). Marmoset oxytocin receptor (mOTR) plasmid was purchased from Genscript and stably-transfected into CHO-K1 cells as described [34] CHO-K1 cells stably transfected with tOTR and qOTR as described [31] and were received from Dr. Myron Toews lab (UNMC). mOTR, tOTR, qOTR and hOTR expressing cells were cultured in Ham's F12 (Hyclone SH30026.01), 10 % FBS (Atlanta Biologicals S11550), 1.5 % HEPES 1 M Solution (Hyclone SH30231.01), 1 % Penicillin-Streptomycin (10,000 U/mL; Life Technologies 15140-163) and 400 mg/mL G418 (RPI Corp. G64000-5.0). Human Kappa-opioid (κO) receptor expressing CHO cells (κOR−CHO) were cultured in RMPI-1640 medium supplemented with 10 % FBS (Atlanta Biologicals S11550). Cells were cultured at 37°C in 5 % CO 2 and 90 % humidity.
Drugs
AVP, Leu 8 -OT, and Pro 8 -OT Anaspec 58863 were reconstituted in DMSO Sigma-Aldrich D4540. NS-1619 Sigma-Aldrich N170, Paxilline Sigma-Aldrich P2928, SKA-31 Sigma-Aldrich S5573, thapsigargin Sigma-Aldrich T9033, and TRAM-34 Sigma-Aldrich T6700 were reconstituted in DMSO. Pertussis toxin Sigma-Aldrich P7208 was reconstituted in ultrapure water with 5 mg/mL bovine serum albumin Fisher Scientific BP1600-100. Dynorphin A (1-13) amide (American Peptide 26-4-51A) was dissolved in 25 mM Tris at pH 7.4. Apamin (Sigma-Aldrich A1289) was reconstituted in 0.05 M acetic acid.
Ca 2+ mobilization assay
The effects of AVP and OT analog addition on Ca 2+ mobilization were examined using Fluo3-AM fluorescence (Molecular Probes F1241) monitored with a FLIPR2 plate reader (Molecular Devices, Sunnyvale, CA). FLIPR operates by illuminating the bottom of a 96-well microplate with an air-cooled laser and measuring the fluorescence emissions from cell-permeant dyes in all 96 wells simultaneously using a cooled CCD camera. This instrument is equipped with an automated 96-well pipettor, which can be programmed to deliver precise quantities of solutions simultaneously to all 96 culture wells from two separate 96-well source plates.
Cells were plated at 0.3 million cells/mL in 96-well plates (MidSci P9803) and cultured overnight in culture media at 37°C in 5 % CO 2 and 95 % humidity. On the day of assay, growth medium was aspirated and replaced with 100 μl dye-loading medium per well containing 4 μM Fluo-3 AM and 0.04 % pluronic acid (Molecular Probes P3000MP) in Locke's buffer (8.6 mM HEPES, 5.6 mM KCl, 154 mM NaCl, 5.6 mM glucose, 1.0 mM MgCl 2 , 2.3 mM CaCl 2 , 0.5 mM probenecid; pH 7.4). Cells were incubated for 1 h at 37°C in 5 % CO2 and 95 % humidity and then washed four times in 180 μl fresh Locke's buffer using an automated microplate washer (Bio-Tek Instruments Inc., VT). Baseline fluorescence was recorded for 60 s, prior to a 20 μl addition of various concentrations of Leu 8 -OT and Pro 8 -OT. Cells were excited at 488 nm and Ca 2+ -bound Fluo-3 emission was recorded at 538 nm at 2 s intervals for an additional 200 s.
To assess the role of intracellular Ca 2+ in OT-mediated mobilization of Ca 2+ , the sarco/endoplasmic reticulum calcium ATPase (SERCA) inhibitor thapsigargin was used to deplete intracellular Ca 2+ stores. Cells were incubated in 100 μl dye-loading medium per well containing 4 μM Fluo-3 AM and 0.04 % pluronic acid in Locke's buffer (8.6 mM HEPES, 5.6 mM KCl, 154 mM NaCl, 5.6 mM glucose, 1.0 mM MgCl 2 , 2.3 mM CaCl 2 , 0.5 mM probenecid; pH 7.4). Cells were incubated at 37°C in a 5 % CO2 and 95 % humidity for 60 min prior to washing four times in 180 μl Locke's buffer and 10 μl addition of thapsigargin (1 μM final concentration) and incubated for an additional five minutes. Ca 2+ mobilization assays were performed as described above.
Membrane potential assay
To assess changes in membrane potential the FLIPR Membrane Potential Assay (FMP blue; Molecular Probes F1241) was used. Cells were plated at 0.3 million cells/ml in 96-well plates (MidSci P9803) and cultured overnight in culture media at 37°C in 5 % CO 2 and 95 % humidity. Growth medium was removed and replaced with 190 μl per well of FMP Blue in Locke's buffer (8.6 mM HEPES, 5.6 mM KCl, 154 mM NaCl, 5.6 mM glucose, 1.0 mM MgCl 2 , 2.3 mM CaCl 2 pH 7.4). Cells were incubated at 37°C in 5 % CO 2 and 95 % humidity for 45 min. Baseline fluorescence was recorded for 60 s, prior to a 10 μl addition of log concentrations of AVP, Leu 8 -OT and Pro 8 -OT. Cells were excited at 530 nm and emission was recorded at 565 nm at 2 s intervals for an additional 200 s.
To assess the role of G i/o in the OT ligand-induced membrane hyperpolarization, cells were incubated overnight with pertussis toxin (PTX) to inactivate G i/o [35] . Cells were plated at 125,000 cells/mL in 96-well plates. PTX (150 ng/ml) was added 24 h after plating and incubated for an additional 24 h. Membrane potential assay was performed as described above. To confirm the influence of PTX on a known G i/o mediated response, the effect of PTX on kappa-opioid receptor (κOR) mediated hyperpolarization was used as a positive control [36] . κOR−CHO were used for these experiments. The PTX assays were performed as described above for mOTR-and hOTR-expressing CHO cells, except for stimulation with dynorphin A 1-13 (DynA 1-13) rather than OT analogs.
To assess potential OT ligand-induced membrane hyperpolarization through Ca 2+ -activated K + channels, we tested three inhibitors targeting Ca 2+ -activated K + channel subtypes. G q -mediated activation of protein kinase-C (PKC) causes an increase in cytosolic Ca 2+ [37] with attendant activation of Ca 2+ sensitive K + channels. Ca 2+ -activated K + channels are separated into three subtypes of large (BK Ca ), intermediate (IK Ca ), and small conductance (SK Ca ) channels [38] . Paxilline is a selective inhibitor of the BK Ca channel [39] . TRAM-34 is a selective inhibitor of the IK channel, K Ca 3.1 [40, 41] . Apamin is a selective inhibitor of SK Ca channels [42, 43] . Cells were incubated with FMP in Locke's buffer at 37°C in a 5 % CO2 and 95 % humidity for 35 min prior to a 10 μl addition of paxilline, TRAM-34, and/or apamin. Cells were incubated for an additional 10 min after drug addition. Membrane potential assays were performed as described above.
NS-1619 is a BK Ca channel activator [44, 45] . If changes in Ca 2+ are responsible for activation of the BK Ca , the response should be NS-1619 sensitive. Cells were incubated at 37°C in a 5 % CO2 and 95 % humidity for 35 min prior to a 10 μl addition of paxilline. Cells were incubated for an additional 10 min after paxilline addition. Membrane potential assays were performed as described above, with the exception of stimulation with NS-1619 rather than OT analogs.
SKA-31 is an activator of IK Ca channel K Ca 3.1 [46, 47] . If changes in Ca 2+ are responsible for the activation of K Ca 3.1, the response should be SKA-31 sensitive. Cells were incubated at 37°C in a 5 % CO2 and 95 % humidity for 35 min prior to a 10 μl addition of TRAM-34. Cells were incubated for an additional 10 min after TRAM-34 addition. Membrane potential assays were performed as described above, with the exception of stimulation with SKA-31 rather than OT analogs.
To assess the role of intracellular Ca 2+ in AVP and OT ligand-induced changes in membrane potential, thapsigargin was used. Cells were incubated with FMP in Locke's buffer at 37°C in a 5 % CO2 and 95 % humidity for 40 min prior to a 10 μl addition of thapsigargin. Cells were incubated for an additional 5 min after drug addition.
Data analysis
All concentration-response data were analyzed and graphs generated using GraphPad Prism (San Diego, CA, U.S.A.) software. Fluo-3 relative fluorescence changes were plotted as F MAX -F0. F MAX is the maximum fluorescence achieved by the ligand. F0 is the average of the baseline fluorescence reading for 30 images (60 s). Similarly, FMP relative fluorescence changes were plotted as F MIN -F0. F MIN is the minimum fluorescence achieved by the ligand (indicative of hyperpolarization) and F0 is the average of the baseline fluorescence reading for 30 images (60 s). EC 50 /IC 50 and E MAX values for AVP-and OT peptidestimulated increases in Fluo-3 fluorescence or decreases in FMP Blue fluorescence were determined by nonlinear least-squares fitting of a logistic equation to the peptide concentration versus fluorescence area under the curve data. The 95 % confidence intervals for all EC 50 /IC 50 and E MAX were used to assess differences in potency/efficacy. R 2 was used to assess goodness of fit. Standard error bars have been included for all graphs; however, if the error bar is smaller than the size of the symbol, GraphPad Prism does not draw it.
Results
Comparison of marmoset, titi monkey and macaque OTR amino acid sequence to human OTR
Significant coevolution has been shown to exist between OT ligands and receptors in NWMs [12, 13] . Marmoset, titi monkey, macaque and human OT receptor amino acid sequences were accessed from the National Center for Biotechnology Information (NCBI) [12] . Alignment using the NCBI basic local alignment search tool (BLAST) [48] indicates that human and macaque (Macaca mulatta) OT receptor are 98 % conserved; human and titi monkey (Calicebus cupreus) OT receptor 96 % conserved; and human and marmoset (Callithrix jacchus) 94 % conserved. Physiochemical changes to marmoset, titi monkey and macaque OT receptor sequences were classified as radical when the amino acid substitution differed by size, polarity and/or charge, and conservative if the substitution did not differ by these properties (Fig. 1 ; Supplementary Table 1 ). Radical amino acid substitutions were primarily observed Identification of amino acid substitutions in marmoset (red), titi monkey (yellow), marmoset and titi monkey (red/yellow striped), macaque (blue), or all three (orange) OTRs relative to human OTR. Numbers represent the location of the amino acid substitution. Radical physiochemical substitutions that differ in size, polarity and/or charge are indicated by diamonds and amino acid substitutions that do not differ by these properties are conservative changes indicated by circles ( Supplementary  Table 1 ). in the in the N-terminus, extracellular regions, and transmembrane regions that may play a role in ligand binding. In intracellular regions and C-terminus region, radical substitutions may affect G-protein coupling and downstream signaling. Radical changes were more numerous for mOTR with Pro 8 -OT as its endogenous ligand, than for tOT or qOT receptors. Amino acids 14, 51, 69, 255, and 355, in mOT, tOT and qOT receptors all differed from hOT receptor. Together, the expression of these receptors in CHO cells using a common cellular background allowed us to examine how this natural variation in ligands and receptors impacts receptor activation and cellular signaling.
AVP and OT analogs induce G q -mediated intracellular Ca 2+ mobilization
G q activates the phospholipase Cβ and inositol 3-phosphate signaling pathway [27] resulting in an increase in intracellular Ca 2+ . To compare AVP and OT analog activation of OTR-coupled G q , we performed functional assays using the Ca 2+ indicator dye Fluo3-AM. At the mOT receptor, whose endogenous ligand is Pro 8 -OT, AVP demonstrated a similar potency (EC 50 ) to Pro 8 -and Leu 8 -OT, with the 95 % confidence intervals (95 % CI) overlapping ( Fig. 2A ; Table 1 ; Supplementary Fig. 1A-C ). However, the endogenous Pro 8 -OT was more efficacious at 1742 relative fluorescence units (RFUs) (95 % CI 1573-1912), whereas AVP was 1124 RFUs (95 % CI 1000-1248) and Leu 8 -OT 1372 RFUs (95 % CI 1220-1523). In the three primate receptors whose endogenous ligand is Leu 8 -OT (tOT, qOT, and hOT receptors), AVP was less potent and efficacious than either OT analog ( Fig. 2B -D; Table 1 ; Supplementary Fig. 1D -L). In tOT receptor cell lines, AVP was 33X less potent than Leu 8 -OT and 13X less potent than Pro 8 -OT ( Fig. 2 ). These data demonstrate that the dose-dependent responses observed in OTR-expressing lines is attributable to OTR expression.
Sarco/endoplasmic reticulum calcium ATPase (SERCA) maintains the Ca 2+ gradient between the cytosol and endoplasmic reticulum, and therefore SERCA pump inhibition results in depletion of intracellular Ca 2+ stores [49, 50] . To confirm the role of intracellular Ca 2+ stores in AVP-and OT-analog mediated Ca 2+ influx, cells were pretreated with thapsigargin, a potent SERCA inhibitor. We pretreated all four lines with thapsigargin and evaluated AVP, Leu 8 -OT and Pro 8 -OT induced Ca 2+ influx. In control assays AVP and OT analogs produced concentration-dependent increases in Ca 2+ ; however, pretreatment with thapsigargin blocked AVP and OT-analog evoked increases in Ca 2+ ( Fig. 3; Supplementary Fig. 3 ) [34] demonstrating the dependence on intracellular Ca 2+ stores.
AVP and OT analog-induced changes in membrane potential are dependent on g q mediated Ca 2+ mobilization
To assess the role of AVP and OT-induced membrane hyperpolarization, we performed functional assays using FMP blue, a membrane potential-sensitive dye that displays increased fluorescence in response Supplementary Fig. 1 ). Statistical analysis (Table 1) . (Fig. 2) .
to depolarization and decreased fluorescence in response to membrane hyperpolarization [51, 52] . Membrane hyperpolarization can be influenced by numerous ion channels, including Gi/o activation of GIRK channels and Gq activation of calcium-activated potassium channels [34] . Thus, potential ligand bias [53] , and the potential for activation of multiple pathways suggest these data may be different from the Fluo-3 assays. In cell lines for all four OT receptors, AVP and both OT-analogs produced concentration-dependent decreases in FMP blue fluorescence consistent with a hyperpolarizing response ( Fig. 4 ; Table 2 ; Supplementary Fig. 4) . In mOT receptor cell lines, the 95 % confidence intervals for potency for all three ligands overlapped ( Fig. 4A ; Table 2 ; Supplementary Fig. 4A-C Supplementary  Fig. 3 ).
1586-2170).The absence of effects on membrane potential in untransfected CHO-K1 cells demonstrated the requirement for OTR transfection in the observed hyperpolarizing response to AVP (Supplementary Fig. 5 ), Leu 8 -OT and Pro 8 -OT [34] . Together, AVP is more potent at OTRs from marmoset with Pro 8 -OT as its endogenous ligand, than species whose cognate ligand is Leu 8 -OT. Pertussis toxin catalyzes ADP-ribosylation of the Gα i/o subunit [54] , locking G i/o in its GDP-bound inactive state and preventing the pertussis toxin-sensitive G-protein from interacting with a GPCR. To assess the role of G i/o in AVP and OT-analog induced hyperpolarization, we pretreated cells with pertussis toxin. In mOT receptor CHO cells we previously demonstrated Leu 8 -OT mediated hyperpolarization was partially sensitive to pertussis toxin, suggesting both G i -mediated and pertussis toxin-insensitive pathways contribute to the hyperpolarizing response [34] . Pertussis toxin treatment did not inhibit AVP induced hyperpolarization in any of the four cell lines ( Fig. 5A-D ; Supplementary Fig. 6A-H; Supplementary Table 2 ), Leu 8 -OT induced hyperpolarization in tOT or qOT receptor cell lines ( Fig. 5E-F ; Supplementary  Fig. 6I-L, Supplementary Table 2 ), or Pro 8 -OT induced hyperpolarization in in tOT or qOT receptor cell lines ( Fig. 5G-H ; Supplementary  Fig. 6M -P, Supplementary Table 2 ), suggesting that G i/o does not contribute to the hyperpolarizing response for these ligand-receptor combinations [34] . Given that the kappa-opioid (κO) receptor couples to G i , we used a κOR expressing CHO cell line (κOR−CHO) as a positive control to demonstrate pertussis toxin's ability to disrupt G i . Dynor-phinA1-13-NH 2 , a κO receptor agonist, produced a robust hyperpolarizing response in control κO receptor cell lines, that was abolished in cells pretreated with pertussis toxin (Supplementary Figure 7) . These data support our conclusion that AVP and OT analog-induced hyperpolarization in OTR-expressing cells do not involve the pertussis toxin-sensitive G-proteins, G i/o .
OT analog induced hyperpolarization involves mOT and hOT receptors coupling to G q activating the G q /phosphoinositide-phopsholipase C pathway and Ca 2+ -dependent K + channel activation [34] . To explore the role of Ca 2+ -activated K + channels in AVP-induced changes in membrane potential, as well as extending our data with OT analogs in tOT and qOT receptors, we used a pharmacological approach with inhibitors that discriminate between subtypes of Ca 2+ -activated K + channels. There are three subtypes of Ca 2+ -activated K + channels, including small conductance (SK Ca ), intermediate conductance (IK Ca ) and large conductance (BK Ca ) channels [38] . To assess the role of SK Ca channels in AVP and OT-mediated membrane hyperpolarization cells were pretreated with the SK Ca -selective blocker apamin, which blocks SK Ca channels through an allosteric mechanism [43] . In mOT and hOT receptor CHO cells, we previously observed no major contribution (≤ 15 %) on Leu 8 -OT and Pro 8 -OT induced membrane hyperpolarization after pretreatment with apamin [34] . Similarly, in all four cell lines, apamin did not significantly affect AVP-induced changes in membrane potential ( Fig. 6A-D; Supplementary Figures 8A-B, 9A, 10A ; Supplementary Table 3 ). Likewise, in tOT and qOT receptor CHO cells, we observed no substantial effects (≤ 15 %) of pretreatment with apamin on Leu 8 -OT or Pro 8 -OT induced membrane hyperpolarization ( Fig. 6E Table 3 ). Together, these data suggest that SK Ca channels provide little or no contribution to AVP and OT mediated changes in membrane potential across these four primate OTRs.
-H; Supplementary Figures 9B-C, 10B-C; Supplementary
To assess the roles of BK Ca channels in AVP and OT-analog mediated changes in membrane potential, cells were pretreated with the BK Ca blocker paxilline, which stabilizes the channel in its closed conformation [55] . In mOT receptor CHO cells, paxilline produced a moderate inhibition of AVP induced hyperpolarization, resulting in a 20 % Supplementary  Fig. 4 ). Statistical analysis ( Table 2) . (Fig. 3) . inhibition ( Fig. 6A; Supplementary Figure 8C , Supplementary Table 3 ) and produced greater inhibition (52 %) in hOT receptor cells ( Fig. 6B ; Supplementary Figure 8D , Supplementary Table 3 ). In tOT receptor CHO cells, paxilline produced minimal inhibition in AVP and moderate inhibition in Leu 8 -OT and Pro 8 -OT induced changes in membrane potential, resulting in a 13 %, 38 % and 39 % reduction of the hyperpolarizing response, respectively (Fig. 6C ,E,G; Supplementary Figure 9D Supplementary Table 3 ). Together, these data suggest that BK Ca channels contribute to a fraction of the AVP and OTanalog induced changes in membrane potential. In mOT and hOT receptor CHO cells, the BK Ca activator NS-1619 is inhibited with paxilline [34] . Here we challenged tOT and qOT receptor CHO cells with NS-1619, and the evoked hyperpolarization was blocked with 30 μM paxilline by 80 % and 72 %, respectively ( Supplementary Figure 11 A-B,E-F; Supplementary Table 4 ) supporting a role for BK Ca channels in the regulation of CHO cell membrane potential.
To assess the role of IK Ca channels in AVP and OT-mediated membrane hyperpolarization, cells were pretreated with TRAM-34, an IK Ca channel blocker that specifically blocks K Ca 3.1 by occupying the K + binding site [40] . TRAM-34 produced the most effective inhibition in AVP and OT-analog mediated changes in membrane potential, with AVP less impacted than OT analogs in three OT receptor species (mOT, tOT, and hOT receptor). In mOT receptor CHO cells, TRAM-34 produced a moderate inhibition in AVP-induced membrane potential (33 Fig. 5 . Lack of effect for pretreatment with PTX on AVP, Leu 8 -OT and Pro 8 -OT induced changes in membrane potential in mOTR-, tOTR-, qOTR-and hOTR-expressing CHO cells. Control AVP and PTX-pretreated concentration response relationships in mOTR-expressing cells (A), in hOTR-expressing cells (B), in tOTR-expressing cells (C), in qOTR-expressing cells (D). Leu 8 -OT and PTX-pretreated concentration response relationships in tOTRexpressing cells (E) and qOTR-expressing cells (F). Pro 8 -OT and PTX-pretreated concentration response relationships in tOTR-expressing cells (G) and qOTR-expressing cells (H). Control and PTX-pretreated replicates were run in parallel on the same plates, at the same time and with the same split of cells. N = 3 experiments (five replicates per dose per experiment). Time-response ( Supplementary Fig. 6 ). Statistical analysis (Supplementary Table 2 ). %; Fig. 6A; Supplementary Figure 8E ; Supplementary Table 3 ). In hOT receptor CHO cells, TRAM-34 produced a more robust inhibition of AVP-induced membrane potential (61 %; Fig. 6B ; Supplementary  Figure 8 F; Supplementary Table 3 ). In tOT receptor CHO cells, TRAM-34 produced a moderate inhibition in AVP-induced membrane potential (25 %), whereas Leu 8 -OT and Pro 8 -OT were inhibited somewhat greater, 38 % and 37 %, respectively (Fig. 6C ,E,G; Supplementary  Figure 9G -I; Supplementary Table 3 ). In qOT receptor CHO cells, AVP, Leu 8 -OT and Pro 8 -OT were robustly inhibited, ∼98 % each (Fig. 6D,F,H; Supplementary Figure 10G -I; Supplementary Table 3 ). Involvement of K Ca 3.1 in hyperpolarization can be tested with the activator SKA-31. We challenged tOT and qOT receptor CHO cells with SKA-31 and showed that the hyperpolarization was inhibited by 300 nM TRAM-34 pretreatment by 78 % and 92 %, respectively (Supplementary Figure 11C -D, G-H; Supplementary Table 4 ). These results support the role for the K Ca 3.1 channel in the regulation of membrane Supplementary Figures 8-10) . Area under the curve (negative peaks only) were assessed and a one-way Anova was performed with Sidek's multiple comparisons to determine statistical significance. N = 3 experiments for each inhibitor/analog/cell line combination (10 replicates per dose per experiment). Adjusted p-values (Supplementary Table 3 ).'. potential by AVP and OT-ligands.
To determine the combined contribution of BK Ca and K Ca 3.1 channels in AVP and OT-mediated changes in membrane potential, cells were pretreated with both paxilline and TRAM-34. In mOT receptor CHO cells, the combined exposure of paxilline and TRAM-34 inhibited AVP-induced membrane hyperpolarization by 91 % (Fig. 6A ; Supplementary Figure 8 G; Supplementary Table 3 ). In hOT receptor CHO cells, the combined exposure of paxilline and TRAM-34 inhibited AVPinduced hyperpolarization by 87 % (Fig. 6B; Supplementary Figure 8 H; Supplementary Table 3 ). In tOT receptor CHO cells, paxilline and TRAM-34 combined inhibited AVP, Leu 8 -OT and Pro 8 -OT by 57 %, 40 % and 60 % (Fig. 6C,E,G; Supplementary Figure 9J -L; Supplementary  Table 3 ). In qOT receptor CHO cells, the combination completely inhibited AVP, Leu 8 -OT and Pro 8 -OT induced hyperpolarization (Fig. 6D,F Supplementary Table 3 ). Together, these data indicated an additive effect of inhibition of BK Ca and K Ca 3.1 channels demonstrating that they are primarily responsible for AVP and OT-analog induced membrane hyperpolarization in CHO cells expressing these OTRs.
To confirm the role of intracellular Ca 2+ stores in AVP-and OT analog mediated membrane hyperpolarization, cells were pretreated with the SERCA inhibitor thapsigargin to [49, 50] . As expected, pretreatment with thapsigargin eliminated the hyperpolarization produced by AVP, Leu 8 -OT, and Pro 8 -OT in at all four OT receptor cell lines ( Supplementary Figure 12 ) [34] . Together, these data demonstrated that intracellular Ca 2+ stores are the source of Ca 2+ responsible for AVP and OT-analog engagement of K + channels. Interestingly, in thapsigargin pretreated tOT and hO receptor CHO cells challenged with Leu 8 -OT, and in hOT receptor cells challenged with Pro 8 -OT a depolarizing response was observed (Supplemetary Figure 12E) [34] indicating a possible dual modulation of K + channel currents by OT analogs through these OT receptors.
Discussion
The molecular structure of OT-AVP family peptides and receptors, as well as a facilitation of physiological responses and social behaviors related to stress and anxiety are highly conserved in evolution [2, 7, 8, 11, 13] . One mechanism to assess genetic conservation is quantification via the ratios of nonsynomous nucleotide substitutions relative to synonymous substitutions (dN/dS), where ratios less than 1.0 imply stabilizing selection and greater than 1.0 selection for diverse sequences. Analysis of dN/dS ratios for AVP is 0.005 and OT is 0.009, suggesting extreme conservation for both peptides [10] . Comparison of OT analogs across NWM suggests positions 2 and 8 are most variable [56] , with a single amino acid substitution at the 8 th position causing in a Leu > Pro change resulting in a rigid turn in the peptide backbone [12, 15] . Moreover, genetic changes in ligand structure resulted in a significantly higher proportion of corresponding changes in the OT receptor sequences of NWMs, particularly at the N-terminus which is involved in ligand binding [12] , as is evident in the greater number of mOT receptor substitutions (red) with Pro 8 -OT as its endogenous ligand as compared to tOT receptor (yellow) or qOT receptor (blue) substitutions that have the consensus mammalian Leu 8 -OT as their endogenous neuropeptide (Fig. 1) . These changes likely affect the overall three dimensional architecture of the receptor, each of which may contribute to differences in cellular signaling.The natural variability within OT-AVP family in NWMs provides a unique opportunity to assess these signaling cascades in relation to ligand-receptor coevolution [12, 57] , particularly in relation to social behaviors. For example, social monogamy is exceptionally high in NWMs and phylogeny correlated statistical comparisons demonstrate it corresponds with ligand-receptor coevolution [12] , whereas social monogamy is rare among mammals in general [13] . Both OT analogs have been shown to modulate social behavior in marmosets, with the cognate ligand Pro 8 -OT more effective than Leu 8 -OT in relation to sexual fidelity and reduced prosocial behaviors towards strangers [58, 59] .
At the cellular level, ligand and receptor structure, as well as cellular context, appear to influence how GPCRs activate downstream signaling cascades. These signaling cascades result in changes in cell function, influencing physiological and behavioral effects at the organismal level [60] . A recent study assessed the binding properties for these ligands at the OTRs and found that the rank order affinity was Pro 8 -OT > Leu 8 -OT > AVP for receptors from all four species [31] . We recognize the importance of cellular context in GPCR signaling and understand that signaling profiles in the heterologous expression system (CHO cells) that we selected may differ from those of intact neurons. However, primary neuronal cultures from expressing the OT receptors from the species we are evaluating are not currently available. Established human neuroblastoma and glioma cell lines reportedly express the endogenous hOT receptor [33] , although these cells do not successfully recapitulate the sensitivity of primary neurons in culture [61] and therefore signaling profiles may also differ from intact primary neuronal cultures. Thus, we believe that these initial in vitro experiments to define the signaling profiles of AVP and OT variants are a fundamental first step to understanding ligand-receptor function.
In this study we compared the pharmacological signatures of AVP, Leu 8 -OT, and Pro 8 -OT in CHO cells expressing marmoset, titi monkey, macaque, or human OT receptors. Our results confirm that all three ligands activated G q signaling in concentration-dependent increases in intracellular Ca 2+ through all four OT receptors. Interestingly, at OT receptors with Leu 8 -OT as their endogenous ligand (titi monkey, macaque, human) AVP was less potent and efficacious than OT analogs. In contrast, at the mOT receptor, with Pro 8 -OT is the cognate ligand, AVP potency comparable to OT analogs. Notably, Pro 8 -OT was more efficacious than AVP or Leu 8 -OT, suggesting evolutionary differences in receptor structure may play a role in ligand potency and efficacy at the OTR [12, 13] . We confirmed the role of intracellular Ca 2+ in AVP and OT analog-induced Ca 2+ mobilization at all four OT receptors by depleting intracellular Ca 2+ with thapsigargin, which inhibited the response to all three ligands [34] .
Given the promiscuous coupling of OTRs to various G-proteins [28, 29] , we next assessed the ability of AVP, Leu 8 -OT, and Pro 8 -OT to trigger a hyperpolarizing response at the four OT receptors. AVP was less potent than either OT analog at the three OT receptors whose cognate ligand is Leu 8 -OT. However, at the mOT receptor, no significant differences were observed in the potency of AVP and Pro 8 -OT. Leu 8 -OT was more potent at the mOT, tOT and hOT receptors, whereas Pro 8 -OT was appeared slightly more potent at the qOT receptor. Notably, AVP was less efficacious at mOT and tOT receptors (both NWMs), whereas no differences in efficacy were observed for the three ligands at qOT receptor (an OWM) or hOT receptor, suggesting common nucleotide substitutions in the in mOT and tOT receptor may contribute to observed differences in ligand efficacy.
GPCR coupling to G i/o stimulates G-protein-gated inward rectifying K + channels via the Gβγ subunit [62] . Pertussis toxin inhibits G i/o from coupling to the GPCR [63] thus blocking G i/o protein mediated contribution to the hyperpolarizing response. Our previous data demonstrated that G i/o is responsible for a minor portion of the Leu 8 -OT induced hyperpolarizing response at the mOT receptor, suggesting a dual modulation by a pertussis toxin-sensitive and pertussis toxin-insensitive G-proteins (Pierce et al. 2019 ). The Leu 8 -OT induced hyperpolarizing response was pertussis toxin-insensitive in OTRs from all three species whose cognate ligand is Leu 8 -OT. Both AVP and Pro 8 -OT are pertussis toxin-insensitive at all four OT receptors, suggesting G i/o coupling does not contribute to their hyperpolarizing response. Since these in vitro analyses all utilize the same CHO-K1 cell line, cellular context is unlikely to be a contributing factor.
Since AVP and OT-ligand induced membrane hyperpolarization are largely pertussis toxin-insensitive, we assessed the contribution of Ca 2+ -activated K + channels in AVP and OT-analog mediated hyperpolarization using channel blockers specific for SK Ca , BK Ca (K Ca 1.1), and IK Ca (K Ca 3.1). Apamin selectively blocks SK Ca channels, and pretreatment with this inhibitor resulted in minimal or no inhibition (≤ 15 %) of AVP, Leu 8 -OT and Pro 8 -OT at the mOT, tOT, qOT and hOT receptors. These data demonstrate that SK Ca channels provide minimal contribution to AVP and OT-analog induced membrane hyperpolarization. Paxilline is a selective blocker of BK Ca channels, which contributes to neuronal excitability [64] . Pretreatment with paxilline resulted in partial inhibition for AVP and OT analogs in cells expressing each of the four OT receptors. This is consistent with previous reports that Leu 8 -OT mediated hyperpolarization through OT receptor G q / phosphoinositide-phopsholipase C pathway activation of BK Ca channels [34, 65] . Paxilline also inhibited the hyperpolarizing response to the BK Ca channel opener NS-1619 in mOT, hOT [34] , tOT and qOT receptor CHO cells, further supporting the role for BK Ca channels in membrane hyperpolarization. TRAM-34 selectively inhibits a IK Ca channel (K Ca 3.1) [40] , and also regulates neuronal excitability [66] . Pretreatment with TRAM-34 produced the most robust inhibition of the hyperpolarizing response to all three ligands in cell lines expressing each of the four OT receptors. TRAM-34 also inhibited membrane the hyperpolarizing response to K Ca 3.1 channel opener SKA31 in mOT, hOT [34] , tOT and qOT receptor CHO cells, demonstrating the involvement of K Ca 3.1 in membrane hyperpolarization. Combined pretreatment with paxilline and TRAM-34 suggested that OT receptor G q /phosphoinositide-phopsholipase C pathway activation of BK Ca and the IK Ca channel K Ca 3.1 were additive. Depletion of intracellular Ca 2+ with SERCA inhibitor thapsigargin confirmed the role of intracellular Ca 2+ stores in AVP and OT-ligand induced membrane hyperpolarization in the OT receptor-G q /phosphoinositide-phopsholipase C pathway activation of Ca 2+ dependent K + channels.
The OT-AVP family of neuropeptides and receptors plays a fundamental role in mediating physiological processes and social behaviors [67] [68] [69] [70] , with perturbations associated with various social and behavioral deficits [6] . These sociobehavioral functions prompt interest in OT as a potential therapeutic mediator in conditions such as autism spectrum disorder [71] , depression and anxiety [6, 72] , schizophrenia [73, 74] , and post-traumatic stress disorder [75] . Clinically, OT is used peripherally to induce labor [76] and prevent postpartum hemorrhage [77] , which provide further therapeutic potential for OT analogs. A major challenge is connecting ligand-induced receptor activation at the cellular level to changes in organismal physiological and behavioral functions [60] . The present results show that AVP, Leu 8 -OT and Pro 8 -OT display functionally distinct responses at the various OTRs examined. Some of these differences correspond to cognate ligand and receptor structure, such as OT-analogs increased potency at inducing membrane hyperpolarization and intracellular Ca 2+ mobilization compared to AVP at the OTRs from species whose cognate ligand is Leu 8 -OT. The unique diversity of OT ligands and receptors in NWMs provide a natural experiment whereby we can begin to parse out how pharmacological profiles are affected by ligand and receptor structure, and how these correlate with specific behavioral outcomes, providing insight for the advancement of OT-mediated therapeutics. 
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